Introduction
phase composition, and an optimal phase separation. 5 One of the important parameter 23 for PV modules is the energy payback time (EPBT). EPBT is the time required for the 24 module to generate the amount of energy invested in order to fabricate it. The values of 25 EPBT for crystalline silicon solar cell is about 2.4 -4.1 years [16] [17] [18] while for the OPVs, 26 the current value stands at 0.2 -4 years 19 . It has also been predicted that EPBT can be 27 reduced to even 1 day for OPVs by reducing the process energy. The proportion of 28 process energy devoted to annealing of the active area in P3HT:PC71BM solar cell is ~ 29 26% 19 . By reducing the annealing temperature, the EPBT of modules based on OPVs 30 can be significantly reduced. 31 Recently block copolymers have been developed as the promising photovoltaic 32 materials enabling better nanoscale control of blend interfaces within thin films without additional annealing or processing with additives. [20] [21] [22] [23] All-conjugated block copolymers 1 contain two or more chemically different monomer units and are synthesized using one 2 or more condensation polymerisation steps. 24 It is possible to copolymerise two donor 3 units to enhance their properties or one donor with an acceptor unit to lower the 4 bandgap. 25, 26 Block copolymers are used in OFETs and OLEDs, but most commonly 5 reported as a donor or acceptor material in OPV active layers to improve the morphology 6 and also the electronic properties of the active layer. 27 Although the block copolymer 7 represents a huge potential for OPVs, the reported PCEs are very low around 1-3% 28 8 because the research has been focused on limited material systems due to difficulties in 9 the synthesis and purification methods. Synthesizing block copolymers of two different 10 donors can pave a route to enhance the donor properties. 
Materials and general methods

2
All the chemicals used for synthesis were purchased from Sigma-Aldrich and used 3 without further purification. P3HT and PTB7-Th were synthesized according to the 4 reported method. 29 1 H-NMR spectra were recorded at room temperature by using a Varian-Unity INVA-500 spectrometer. Matrix-assisted laser desorption ionisation- room temperature and poured into methanol. The precipitate was dried under vacuum.
27
P3HT-b-PTB7-Th was obtained as dark blue solid (yield 87% in the presence of Pd(PPh3)4 as a catalyst to give block copolymers of P3HT-b-PTB7-
22
Th. In the polymerisation, the ratios of P3HT-Br to monomers were adjusted to 1 to 2 23 or 1 to 10. These block copolymers were then separated into several fractions based on 24 the molecular weight using a preparative GPC eluted with chloroform. To verify formation of the block copolymers, MALDI TOF mass spectrometry 7 was utilised for the detailed structural analysis (Fig. 4) . The spectrum of P3 contains 5a. The thermal properties of the polymers are summarized in the Table 2 .
5
Decomposition temperature (Td) was estimated for 5% weight loss to be in a range 6 between 350ºC and 430ºC. The value of Td was found to increase with the increased 7 content of P3HT. This can be correlated to the higher thermal stability of P3HT. After 8 heating up to 600 ºC, PTB7-Th and P3HT-Br contained residual weight of 52% and 9 59%, respectively. In block copolymers, polymers with larger amount of PTB7-Th 10 block provided higher residual weight.
11
DSC was also performed under a nitrogen atmosphere at heating and cooling
12
rates of 20 °C min -1 and is shown in Fig. 5b and 5c. PTB7-Th shows insignificant 13 melting or crystalline behavior, implying that PTB7-Th is amorphous. By contrast,
14
P3HT-Br shows melting and crystallisation behavior at 240°C and 194°C, respectively. annealed at 100°C or at 140°C. Fig. 6a shows the J-V characteristics for the devices 2 fabricated with P1. The current density has increased by annealing the polymer layer at 3 100°C. However, after the annealing temperature is increased to 140°C, the current 4 density decreased drastically (as it did for P2 and P3). For the P3 device annealed at 5 100°C, the current density follows the square power dependence of voltage in the high 6 voltage region (> 3V). This indicates that the space charge limited conduction (SCLC) 7 mechanism is dominant, in which the current density is given by Eq. 1. temperature. The mobility increases to be 5.9 × 10 -5 cm 2 /Vs after annealing at 100°C.
17
For the P1 annealed at 140°C, the device did not show SCLC. Overall the value of 18 current density has also decreased when the annealing temperature has increased to
19
140°C. This may be due to this temperature being very close to the thermal events such 20 as glass transition or enthalpy relaxation. In a similar manner, the hole only devices were fabricated using P2 and P3 and 8 the J-V characteristics are shown in Fig. 6b for the polymer layer annealed at 100°C. As 9 with P1, the optimal annealing temperature was found to be 100°C and the results are 10 summarised in Table 3 . The performance of both polymers was found to be substantially 11 lower than P1. All the polymers showed trap free space charge limited conduction which 12 differs from the reported conduction mechanism for P3HT, which is heavily limited by 13 traps. 32 Indeed, the reported hole trap density for P3HT is 3.5 × 10 16 cm -3 which is 14 equivalent to the photogenerated carrier density in a typical photovoltaic device. 31 This
15
is one of the main limiting factors for efficiencies in P3HT:PCBM photovoltaic devices.
16
As stated, the hole mobility for polymer P1 was found to be 5.9 × 10 -5 cm 2 /Vs which is 17 comparable to the P3HT SCLC hole mobility (3 × 10 -5 cm 2 /Vs). 32 The higher mobility 
Photovoltaic studies
25
OPV devices were fabricated with polymers P1-P3 and PC71BM as an acceptor. at 60°C, 100°C and 140°C. The PCE was found to be 1.49% for polymer annealed at 28 60°C. As the annealing temperature increased to 100°C, the efficiency also increased to 29 2.62%. A further increase in annealing temperature resulted in a very small increase in 30 the efficiency to 2.67%. A similar pattern of efficiency was found in case of P2 and P3. 31 The performance of P2 and P3 were lower than P1 due to lower hole mobility as a 32 consequence of higher PTB7-Th content. Fig. 7b shows the J-V characteristics of the Table 4 . Therefore, OPV devices were fabricated using the processing additive, DIO, which 5 is known to improve the active layer morphology of PTB7-Th and leads to improved efficiency was found to be 3.6%. The increase in the efficiency is primarily due to 10 increased short-circuit current density. This is likely to be due to the improved charge 11 carrier generation which is often reported with the inclusion in DIO. 34 Devices with the 12 active layer annealed at 100°C and 140°C showed a reduction in average efficiency to 13 2.45% and 3.01%, respectively. For P3, the PCE was increased to 2.38% although it 14 required annealing at 140°C, which represents a significant increase from the device 15 without DIO (0.68%). P2 showed the best PCE of 2.9% when annealed at 100°C. Fig.   16 8b shows the comparison of the devices for all three polymers. The photovoltaic 17 parameters are shown in Table S2 . Series and shunt resistances were also obtained by 18 fitting the photovoltaic characteristics and summarized in Table S3 . Eq. 2.
7
Overall the best efficiency was achieved with P1 mixed with DIO, but it is 8 significant to note it was annealed at 60°C. The annealing temperature is lower than the 9 normal annealing temperature (120°C to 140°C) used for P3HT based OPV devices. P1 10 contained the smallest proportion of PTB7-Th monomer fraction in the polymer chain
11
(the ratio was 93:7). Therefore, the inclusion a small fraction of PTB7-Th block in the
12
P3HT polymer is able to reduce the processing temperature, which should lead to lower 13 production costs and lower embodied energy within the PV costs.
14 Photovoltaic parameters were found to be strongly dependent on the processing 15 conditions in these copolymer solar cells. Therefore a detailed analysis was performed.
16
The generated photocarriers in photovoltaics depend on the recombination and where a close fit is observed and the parameters summarized in Table 5 . Langevin type To further elucidate the effect of copolymerisation on the photovoltaic that by adding very small amount of PTB7-Th in P3HT, the morphology of its blend 11 layer can be significantly improved which leads to improved photovoltaic performance.
12
The AFM topography images are shown in Fig. S8 . The average roughness was found 13 to be 1.02 nm for P1, 1.18 nm for P2 and 0.89 nm for P3. The roughness is low for all 14 three copolymer films. et al. 19 Since the processing temperature for our solar cells is reduced to 60 0 C, the 6 required energy for annealing reduces significantly. This will reduce the total processing 7 energy by 15.96%. The energy payback time is calculated as the total energy required 8 for the production of module divided by generated energy per year by the PV module. This indicates that a reversible process of degradation is involved in these solar cells.
21
Similar recovery of efficiency has been previously observed due to oxygen doping of Since the burn-in process is crucial for the high efficiency solar cell, it is essential 6 to understand the mechanism of this process. Therefore the VOC and JSC were also 7 measured as a function of time and shown in Fig. 10c and 10d . The burn-in loss in P1 significantly during the degradation process for both the P1 and P3HT based solar cell.
12
Therefore, the loss in JSC is not due to degradation of charge transport in both solar cells.
13
The main degradation source in both solar cell is due to charge carrier generation. The 14 continuous decrease in the JSC with time supports this conclusion. 
27
To summarise, the main degradation occurred due to the loss in VOC. The main loss 28 mechanism is due to trap assisted recombination; however, additional sources of loss 29 are also involved which can be energetic disorder, degradation of polymer/metal 30 interface 38 .
X-ray diffraction results
1
XRD measurements were performed on the copolymer blended with PC71BM 2 and shown in Fig. 12 . peak around 24 0 originates due to π-π stacking and the stacking distance was estimated 10 from this peak, summarized in Table 6 . This was found to be the highest in case of P1.
11
Therefore the better performance of P1 can be correlated to the better molecular packing 12 in comparison to P2 and P3. can pave the way to efficient and stable solar energy sources.
